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PRACTICAL APPLICATION as read from figure 9, K 1 is the change in K, due 14)

.. . .. I...cpr K'.. iq the Phontyp in K . dui t i dpealav'e and



AERONAUTICAL SYMBOLS

1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol

Unit Symbol Unit Symbol

Length --- - I meter ------------------ m foot (or mile) --------- ft. (or mi.)
Time--------- -t second- ------------------ s second (or hour) ------- see. (or hr.)
Force------------ F weight ofi kiogram------ kg weight of I pound ------ lb.

Power --------- P kg/m/s ----------------- ---- horsepower ----------- hp.
S-km/h -------------------.. p.n. mi./hr .---------------- .p..

------ I-m/ ..- m.p.s& ft./sec .----------------...

2. GENERAL SYMBOLS. ETC.

I V,. Weight = mg mnkV, Moment of inertia (indicate axis of the
g, Standard acceleration of gravity = 9.80665 radius of gyration k, by proper sub-

m/s2 ' 32.1740 ft./sec. script).
W Mass f S, Area.9, S., Wing area, etc.

p, Density (mass per unit volume). G, Gap.
Standard density of dry air, 0.12497 (kg-m- b, Span.

s2) at 150 C. and 760 mm=0.002378 c, Chord.
Ob.-ft.- 4 sec.2), b2

Specific weight of "standard" air, 1.2255 ý, Aspect ratio.
kg/m3=0.07651 lb./ft.3. ,, Coefficient of viscosity.

8 AERODYNAMICAL SYMBOLS

V, True air speed. Q, Resultant moment.
q, Dynamic (or impact) pressure pV. £), Resultant angular velocity.

L p-7 Reynolds Number, where I is a linear
L, Lift, absolute coefficient CL= L dimension.

SCD= D e. g., for a model airfoil 3 in. chord, 100
D,- Dmi./hr. normal pressure, at 150 C., the

D., Profile drag, absolute coefficient Co=. corresponding number is 234,000;
iqS or for a model of 10 cm chord 40 m/s,

DD, Induced drag, absolute coefficient D, the corresponding number is 274,000.
PCD=qS C, Center of pressure coefficient (ratio of

D,, Parasite drag, absolute coefficient CD,- D, distance of c. p. from leading edge to
chord length).

C, Cross-wind force, absolute coefficient a, Angle of attack.

c, Angle of downwash.

R, Resultant force. a,, Angle of attack, infinite aspect ratio.
i., Angle of setting of wings (relative to at, Angle of attack, induced.

thrust line), a,, Angle of attack, absolute.
i,, Angle of stabilizer setting (relative to (Measured from zero lift position.)

thrust line). -1 Flight path angle.

14 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAIUTICS

on K2, is obtained from figure 12. In using longitudinal stability. This is one method of explaining
this fir,,rp the averave. sneet ratio of the two the implrovement in longitudinal stability due to
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RELATIVE LOADING ON BIPLANE WINGS
By WALTZR S. DIEHL

SUMMARY it is possible to derive a series of curves from which

It i.q ghown that the lift coejficietis of the hidioidual the lift curves of the individual wings of a biplane may

wings of a biplanwe are yiren by be obtained.
BIPLANE THEORY

a.d The first important contribution to Ijiplaie theory
( .-( was due to Betz (reference I). This t heor. was

elaborated by Fuchs (reference 3), and is given in its

IIWhere ('L1 ,, C'LL, awl CL are the lift coefficients for the final form by Fuchs and Hopf in chapter IV" of their
uplper witngl, lower wing, and biplane, respectirely. book Aerodynamik (reference 4). l)enoting the tipper

For the upper wcing it is shown that and lower wing by the subscripts U and L. respectively,
the lift equations are

-CL-K, + K 2CL U Su 57.3 ,s', (IL .

K, and K2 . beinofuanctions of gap/chord, .tagger, aspect AC"L= -2b--b•LLC.L -4i- -= ( ) b+bLX - LV, da/ ) ()

ratio. decalage, orerhaig and u-ing thickness. The corn- 5 ("L d(
b;iiatiovi of existing biplane theory and experimental ACz,_ + 2•b•-b-(La, 4 b bLL C C2K

datu. supply ciurmes from which K, and Ký can easily r ( - L
be determined for any biplane. This ernables. the de- Where S is area and b the span. IA, t,, anl x are funclions
signer to calculate with reasonable accuracy the relatire of gap G, wing span and stagger 0. If we let
loading.for any condition of flight. b,1 +b a b,. b,

INTRODUCTION 2G and X- 2G

The accuracy of a biplane stress analysis depends Then ,=•(Aj) (3)
greatly on the accuracy with which the loads on each
wing can be determined. The division of the load = v(X,) - V(X2 ) (4)
between biplane wings has usually been determined in and
the current stress analysis methods front a chart , K(X,)-K(• 2 ) (5)
giving the "relative efficiency" as a function of That is, the value of IA, t or K for ia given biplane is the
gapchord ratio and stagger. This "relative efficiency" difference between trhe values for X, and X_.
or ratio of the lift coefficient of the upper wing to lift The variations of A, P, and K with X are given by the
coefficient of the lower wing has been based on the relations
average values at high lift coefficients and therefore )A(X) =cos 6[(I + X2 cos' 0)I2- 1] (6)
does not necessarily hold true for all lift coefficients.
Recent improvements in stress analysis methods have i(•) =sin • [(1± X2 cos1 O)I/2 - i]
made it necessary to revise and to extend the loading + log ( 1 ( + sinl 0) % __-_ X (7)
curves to cover all conditions of flight. This paper + l - X OS

2

is concerned with a study of existing biplane data I
in connection with such a revision. ()2log (l+ X2 ) (8)

A survey of theoretical biplane data, in which nim-
erolis comparisons were made between observed and Values of () W, V(N) and x(X) from tlie above equa-
calculated lift curves, showed that while the agreement. tions are plotted in figures 1, 2, and 3. p(X) and P(X)
between theory and experiment is reasonably close, vary with stagger but K(X) is independent of stagger.
the theoretical methods do not appear entirely satis- Since stagger varies with angle of attack it will be
factory except at moderate lift coefficients. By com- found more convenient and more accurate to read
bining the experimental and theoretical data, however, values of iA() and v(X) at somie particulair stagger and

000 0 0 0 0
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TAtBLE V1II TABtLE IX

GAPTVARIATION OF K, WITH STAGGEREFFECT OF ý RATb•' ON K., I



4 REPORT NATIONAL ADVISORY COMMIIrEE FOR AERONAIIII,

then apply a correction for the stagger corresondming A I',
to each angle of attack. Figure 4 gives the varia- 4 6 8 /V
tio n o f us(X ) w it h sta g g e r in te rm s o f th e v a lu e o f j z(X)
for zero stagger. Figure 5 gives the variation of
p(o) with stagger in terms of the value of &e(X) for 30'
stagger. The angle of stagger is to be measured be-
tween the lift direction and the line connecting the . .

o n e th ird c h o rd po in ts (m ea su red fro m th e lea d in g ..0 .0.5

-t gge' -3 - 0 6 " " ( 04
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F11. 1 R (- -r (A 
- . . . . .

edge) of the up!per and loer %ings. Staggp" is losi-f

tire when the third point in the upper wing is ahead j 

Aof the lower wing. d 
40 . . . . . ...

g..Stagg r!-s 

; .'
Physically, I(X) is a factor which takes care of the I a

velocity change due to the presence oCf each wing,, ...

while v(X) and K(X) factors which allow for change in ___ . . . . . . .

angle of attack due to the deflection of the air flow in 0g4' r'. 1' 16' 20' e' 28' •° 36'

th e n e ig h b o rh o o d o f e a c h w in g . vGR K ,.

0 0 0 0 0 0 0
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Equation (I I gives the change in the lift. coefficient Munk al.-A finds the additional lift coefficient due to
tit the lower Aint, (lie to the presence ltth tit pper deealage of 21,;a:
wing. Equation (2) gives the change in the lift A&L 2w I 2d)& (12)
coefficient of the upper wing to tht presence 2f the

lower wing. Sinilar equations for the change in drag where B,(t ) 2d) is a factor obtained in his integration
coefficients are given in reference 4, ais follows: of the flow components. B(1 + 2d) is given as a

SSL. (, ,.function of gap/chord ratio as follows:

A ° 21rbibL Lr. 1). 67Ic 2.02 1.46 1.11 .98 .79 .64 .56 .46 .39

V S K,','0J .- d 1 ( B) BA(I ý 2d) 1.03 1.06 1.10 1.12 1.19 1.251.30 1.38 1.48
4#6 b .. , These %alules are plotted in) figure 7.45l3likan's treatment of the biplane theory (reference

)A St . 7), is along lines very similar to that used in reference 4,
2Y bb, .L but extending the theory. The resulting equations

V--.SL('Lf •57 d CL appear to give somewhat better agreement with test
44 bubLL1 7 ' do Lt, data than is obtained with the previous methods, but

.60

.10

.20 40 60 .80 /.00 I.RO 1.40 1.60 1.80b I
A" ,focfor°•, R - 0.5)

F~lla I'I 6i.

Munk, in reference 5, derives comlparltively simple / 50
formulas for the hiphmne. te finds that the aldditional i. --- -

lift coefficient of staggered wings is t40-
2 C, R h 7 +

% ihert S is the lotall Iira, , the ,stagger, It the silin, t,

c• the c(hoird, k lilth eqluiVa ele t Illioinoplarle Spall fac'tor,
aind R a, distance used in calculating the induced . .

A" -05 a-ucto o ,-
downwash. Munk gives R, 2 - a.5)s a. function of ._

.4 60 .80 /.00 /.,0 1.40 1.60 1.60 2.00

the ratio of gap to span GIb. Ifls tabulated values G90Chord

have been plotted in figure 6. i i u't,, 7. 1 ifetf t of l,l l:tge 1)n lift Iistrihbution. Table 1, N A. (.•.A T.R. No. 151.

0 6 S 00 0

9
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it is very difficult for an engineer to follow the steps K, and K/ being functions of gap/chord, stagger, I
required in a typical calculation. decalage, overhang and wing thickness. The observed

It is proposed to show how the foregoing theory may variation of K; with these factors is in surprisingly
he used with test data in the derivation of working good agreement with the wing theory and in particular
charts for routine use. with the values given by nk's equations, as will he

I. SIMPLE BIPLANES shown later. The presence of the constant K] for
biplanes uwithout decalage is not indicated by existing

It is desirable for the present to consider the simplest theory hut these data have been shown to l)r. Munk,
form of hiplhine in which tlie wings are of same chord who suggests that K, is due t) tte Venturi effect be-
and span, and to study the effect of stagger. Thle whsugtshaK 2 idetoheenriffcb-lie spat , finde loStuy t. etw,,en the wings. In the case of the orthogonal biplane
effect (of uinletuiall cllords, deca lage, and overhang can a simple integration of the flow between the wings on
be considered hlter. this basis gives a reduction iii pressure of the orderEquation ( It ) is equivalent to a statement that the required by the average value of K.

lift coefficient of the upper wing (or lower wing) differs Assuming that K, is due to the Venturi effect itfrom that of tiet, biplane iy al amount depending should vary with the restriction, or tie ratio of wing

directly o tiltle biplane lift coefficient. That is, thickness to gap t/G, and with stagger. Table VI con-
( AC. (- (13) tains the results of an analysis on this basis of test dato

o1'ý (13a) in which the stagger was varied with gap chord con-
C stant. The fifth coluiin of this table is the value of K,

A \ '. varving with stagger and gap.'span ratio as for zero stagger and the sixth colunin is the slope of K,
indicated by equation (11) and figure 6. when plotted against stagger. The valies of Kt for

. Tr -,-zero stagger are plotted in figure 9 and a probable
curve is drawn through the points which are fairly

2- rconsistent. Values of AK,1 As from column ti of table
"4 t Vi are plotted on figure 10. As might be expected, the

stat tering of the points is greater here than in figure 9
0 Ac 0 + 0 ./9d + i . I since the difficulty of eliminating decalage is greater

S20 j when stagger is present. It should be noted that the 0
-" :/• --i---- values of K, are quite small anti correspond to an

+ angular change of less than one half a degree, so that
/ - .... - q+ - -• the usual error in measuring the alignment may be-

come a relatively large item. The value of K, is
-1-- . Tx--- - . greatly affected by decalage, as will le shown later.

It would be highly desirable to determine the curve of
08 - figure 10 accurately by special wind-tunnel tests.

08F-_ l • -r , , • -

- [ EFFECT OF GAP/CHORD ON THE COEFFICIENT K,

• - --Munk's relation, equation (11), indicates that K2
varies with the ratios of gap/span and stagger/chord.

- ---- Although the ratio of gap/span offers some advantages
_ _.0with no difficulties, the ratio of gap/chord is easier

) /, .40 .60 .80 1O 0 t /v20
,p/one 11/f coeff,c,ent, CL to visualize and the latter will, therefore, be used

Fl,.lE .. ',.S A TS-.5 biplane S Stagger WO•. Effective stagger= to study the effect of stagger. Table Vil contains
,lý6i4C. Data front N.A.C.A. T.R. No. 256. calculations for a set of typical curves showing the

variation of K, with gap/chord. These curves areIn ordler to• verify the relationi of equation (13), data plotted as solid lines on figure 11. They are obtained

from it number of biplane tests have been analyzed by b

the method illustrated in table 1. The values of ACL, by taking the valuesofR b 2-0.5 relative to the value
,o obtained have been plotted against the biplane lift

voetlicient as uin figure S. Iln all cases the values of for gap/chord = 1.00 and assuming values of !. for
Ac LU, have shown a liinear relation with CL. The test this condition. Observed values of K, for varying
data and calculations are too extensive for inclusion in gap/chord with constant stagger, from tables II to V,
this report but the eqtiations of the lines are given in are connected by broken lines in each series in the
tables I1 to V inclusive. An inspection of these equia- plotting on figure 11. The observed variation of
titns shhows several outstanding facts, the most iii- K, with gap/chord is seen to be in excellent agreement
portant of which is that the value of ACLu has the with Mtunk's theoretical analysis. A set of correction
general form curves may now be prepared from figure 6 and table

ACLu= K, +K 2 CL (14) VII for use in reducing observed values of K, to

0 0 S 0 0• 0 0 *
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-.04

1 .17..I--

.2I 00,

~~0
0

0e

o04 .08 de .16, 2 .P4 .28

Thikness t

FwqURRl 9--Effect of Wing thicknew anti gap on K1,

.20 equation (11). The resulting values which are plotted

ýZjEFFECT OF STAGGER ON THE C'OEFFIC'IENT K:

S....Stagger may be given in terms of it, ratio to either
gap or chord, or in degrees. It should tbe mneasured

S ~front the line connecting the forward third po ints on
the chords andi in a fore' and aft vertical p~lane. The

Itrue stagger varies with angle of attack 0t that
.08 given in the tabulation of data is usually measured

"ifrom the zero angle of attack. In plotting ip test
Ii data on widely different sections it was K.nd that

0o4 overy much better agreement was obtained by using, ..-.- - - equathe stagger measured at the zero lift attitude. This
onmay be called the "effective stagger." Tih effective
stagger will therefore be used.

0. 04 _ t Observed values of Kg from the tests with varying
Po,,icr" a stagger listed in tables .1 to V have been collected in

F iou nx 10.--Eff t o f sta gmoon Kn. table IX and corrected to gap/f hord = 1.00 by use of

gap/chord 1.00 and thereby separating the effect of the curves of figure 12. The corrected values have

gap/chord and stagger. The calculations are given been p artted on aigure 13. With tie exception of

in table V11g. For each assumed ratio of span to points at negative stagger and for low gapschord
chord, the values of gap/span are calculated from the ratios, the value of Ka for gap/chord n 1.00 is given

- - - - - d atisatonridly dythiffearn secations twsfudta

first column values of gap/chord. The factor F=by u

IK 2 = 0 .0)r)( ' 0. 17 '•(15)
G - 0.5) is then read from figure 6. These values are c

where sic is the basic stagger measured at zero lift.
th n a en a ive l uThe deviations of the points from this line arey due

gap/chord=1.00, for which F.=0.675 from figure 6.3gi partially to eperimental errors and partially to the
The ratios are then multiplied by obI as required by diffculty in determining the direction of the lines

from which Kt is read on the original plots of ACLc
)
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?4 second case, the agreement is exact from 0.75 to 1.50),
but the results for gap/chord ratio 0.5 deviate front

o N A CA the general curve. The theory can therefore be

2 0olf-q~n regarded as quite satisfactory in all practical appli-
&16 - cations. The deviation at the smallest gap implies
0 ~ that the theory must he examined more accurately

in this case. In developing the theory it has been
-assumed that one wing may be treated as a lifting line

as regards its influence on the other wing, and this
� assumption probably breaks down when the gap

becomes as small as one half of the chord." (Planert
.4 / also states in reference 6t, "It will be noticed that thecalculated values are in good agreement with the

40 .6 .80 0 /.00 4 1.40 1.60 /1. P. 0 observed values for positive angles of stagger, but
Gp Ithat there is a definite discrepancy in the case of

i. o of d Knegative stagger, for which no explanation has been
Ft'l I1. Vo~iaion of K, with Iap € nfltJ• ra

chord tmttstge, found ats Yet."

Z.80

\60-2C -, . _- - - - - - -

&....

--
0/0

.40- -

I I
8.4 0.6 0.8 /.00 /.-0 /.40 /.60 t.80 e.00

Rotio,
'Chordf

FIGURE 12,-Variaton of KI with ap/chord.

against CL, of which figure 8 has been given as an It is fortunate that the interest in low gap/chtrd
example. This uncertainty is, in general, of the order values and negative stagger is academic tit present.
of 0.01 in the value of K2. With this in mind the There is some question, however, as to whether a •
agreement is quite satisfactory. biplane with small stagger at positive lifts acts like a

In connection with the scattering of the points for biplane with negative stagger at negative lifts. No
low ratios of gap/chord, Glauert states in reference 6, biplane tests covering the negative range are available
"In the first case, exact agreement is obtained for to decide this point. Most of the available data, con-
gap/chord ratios ranging from 0.67 to 2.33. In the densed in tables II to V, are not carried very far below

@ • • •• • •
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zenr lift. Those that do extend to, say, CL - 0.30 plane designers. The definitions have been based on
show no change in the value of K,. Figure 13 indicates geometrical angles, which may be mnisleadimg. For
that there should be no change for small negative the purpose of this study it is necessary to use aero-
staggers, but this point cannot be determined without dynamic d,,alage measured from the zero lift direc-
a revision of the theory and special tests, tions in the upper and lower wing, ard not from the

IL. BIPLANES WITH DECALAGE chord lines. The decalage will he considered positive
when the zero lift direction lines intersect forward ofl)ecalage has been defined as the acute angle between the leading edge. The zero lift directio!i for each wing

the wing chords of a biplane. This is equivalent to the is further detined as the direction of the relative wind
for zero lift on that i ing. 4

/6 -~ '-~ =06,' -/2 i,-i.. ., ... ,

GA G
06~ O~ .30 ~

S. . . , , , 0 1 .0 0 .5 0
S. .. . . . . - + .667 0 -

. . . . . . . .667 .50
OP .- .,o ' 0

0-

./,

-.edL-.60 -. 40 -.20 0 .2o .40 .650 .80Bosmc stagger s c• \ ___

Rollo, W sng chord -00

Fi.,it RE 13 variation of Ai w.itfh ostager for ,hr-l A. itau1 onathe effoue ..i ~ .

stagger at zero lift. II -

16 .. . .. .1 .

/ /Z0 - 1-0
.. Gc-r s0O--

0 04

Angle of decologe, degrees, n
.40 .60 .80 /00 1.20 1.40 160 1.80 2.00 1 '1 A15. Effecl of[,leciage on A, From Munk's te0s (reference,

GOP
Chord According to Munk, equation (12), the effect of

Fi•t'v 14. -Relative value of Munk's factor B. (I t2d,. From tatle I.N.A.C.A decaltge is to change the lift coefticients of the individ-No. 1.51. ual wings by tin equal and opposite increment which is

difference between the angles of incidence of the upper a function of the gap/chord ratio and directly ltropor-
and lower wings. There is some confusion regarding tional to the decalage tingle. That is, the chief effect
the sign of the decalage, but the weight of authority of decalage is to change the value of K, in equation
and usage favors the definition of positive decalage for (14).
the lower wing at a Fositive angle with respect to the The factor B1 (1 f 24) in equation (12) has been
tipper wing so that the chord lines of the upper and given in figur, 7. This may be replotted to give values
lower wings intersect forward of the leading edge. of B. (1 + 2d) relative to the valhe for gap/chord = 1.00,

The great influence of decalage on lift distribution as in figure 14. This form is convenient for comparing
and stability has not been fully appreciated by air- the theoretical and the observed variation in K,.

179153-33--2

S 0 0 0 0 0 0 0
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Figure 15 is a plot of the values of KI against deca- and stagger and is linear with decalage, the uniform
lage from Munk's tests abstracted in table V. Data slopes giving
from Niock's tests (reference 14) are plotted on figure AK2=0.0186 (16) 1)
16. In figure 15 the slope of the lines are as follows: 16)

Gap AK, Decalage therefore affects both K, and K 2 in equa-
Chtgrd e . tion (14), the effect on K, being given by figure 17 and
1. 00 0 .0635 the effect on K, by equation (16).
1. 00 . 50 .0635

67 0 -. 071 .,
67 50 .071-I, :. -- 6

.lock's tests ,fig. 1i1 give A _ .063 for gap M8ck-

chord 1.00. Munk's test data show that stagge ..

does not affect the value of 1K. /60 -- -

. . 1.40 -

(Ž6 -- .00 -j -+

.co k................... ...... ....... .

.. 8

SI I
I . . . .8 K <-0

20- . - .Thbeorehco/ curve bosed on Fig. 14.'_
-... . ..- .£o - -•, ... + .. --

30 .60 -

S-.052 -. 056 -.060 -. 054 -.068 -. 072
:4- 6  - - 2 4 6 C-- ge ,rI K per degree oeco/lge

Anqi of decolage, degrees, 6 FIGURE 17.-Effect of decalage and gap/chord on AKn.

FI',tRZ 16. -- Effect of decalage on K, anti K?. From Mwck's tests (reference 14)

Figure 17 shows a curve similar to figure 14 derived III. BIPLANES WITH OVERHANG

by assuming K - .063 a gap/cord 100 Overhang is defined as the ratio of the difference in
wing spans to the span of the upper wing and is posi-

Munk's points obviously lie on a similar curve passing tive when the upper span is the greater. Overhang is
through aK .0635 at gap/chord - 1 00. The ob- usually given in percent of the upper wing span, or

bly - bL
served effect of decalage appears to follow very closely Overhang percent= 100 by b
the theoretical effect predicted by Munk's equation. 1

The effect of decalage on K, is not covered by the where b, and bL are the spans of the upper and lower
theory but it is too great to be neglected. Values of wings, respectively.
K2 for various decalage angles, as obtained from Mock's Limited tests on the effect of overhang are given in
tests in reference 14, have been given on figure 16. reference 13. These data are abstracted in table X
A similar plot from Mh:nk's data in table V is given on and plotted on figure 19. The effect is surprisingly •
figure 18. The effect appears independent of gap/chord large. Calculations have been made by equations (1)
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RELATIVE LOADING ON BIPLANE WINGS 11

and (2) in order to check this point These calcu- meanwhile, the values of K, and K2 for biplanes with
lations are too long Lo be given in full, but the following overhang are probably best obtained from a contour
results were obtained: plotting as in figure 21, which is bas.ed on the experi-

0whan, mental values in table X. In using this plot the values
pW•est K, K,

-20 - 0.025 -t 0.092 .0 -

0 -0.017 4-0.101 -

+ 20 -0.017 - 0.100
-40 -0.014 f 0.081 ./6 . ..

5o -0.012 +o.074
67 - 0.007 t 0.054

These are compared with the observed values of Kt --- .
and K2 on figure 20. The agreement is not entirely

(-A .- 1--0 >'e- T......."..
24. -.04 q 1 : : "

.-T0 0 80 40 60 80 /00
Per cent overhang /00 -v

FItuRz 19. -Effect of overhang on Ki and Kt. From data in reference 13. (See
table X.)

166
.20 1 1 _ _---- 4 JP X Observecfda<•ta

--- 0 Th-o-efC/ c•-

.0 b 46

Decologe

FtrwaE 18-Efifect of decalage on K2. From Munk's tests (reference hi.

satisfactory, although there is less difference than
appears from a casual inspection of the curves. In
the first place, the existence of the term Ki is not
predicted directly by the theory, equations (1) and o8 +
(2) or (11). The values of K, given above have been -20 0 80 40 60 80 100

obtained by extrapolating the lift curves through zero Per cent over-ha,,g =00o "b-b-

lift. Consequently, the fact that the values of K, TA31. 2. -Effect of overhang on K, and K2 as found by observation and by cal-

so found are of the order obtained by wind-tunnel cilation from theoretical curves.

test is about all that can be expected. On the other of K, and K, are determined first for a biplane without
hand, K2 can be determined with better accuracy than overhang but with the same stagger, gap and decalage
K&, so that the difference between theory and experi- as for the biplane in question. Spotting these points
ment is here of more importance. It appears highly at zero overhang on figure 21, the corresponding point
deuirablw that special tests be made on biplanes with at the desired overhang will lie on curve similar to those
overhang to investigate these differences. In the given.

0 0 0 0 0 0 0 0 0 6
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RELATIVE LOADING ON BIPLANE WINGS 13

PRACTICAL APPLICATION as read front figure 9, K& is the change in K, due to

The relative lift of the wings of tiny biplane nlitV stagger, K,2 is tihe chlange in K, due to decalage and
now be calculated fromi" K,, is the change in K1 due to overhang. The actual

value of K,, is riot determined directly since it is easier
4 C4 ( aC'LU (17) to ,ass from the value of K1 with no overhang to the

(IL L CL+ ANCL 017) value of K, with overhang as will he explained later.

where I (LCL, andl CLL are the lift coefficients for the The values of K,,,, K1 , and Ku, are determined as
biplane, the tipper wing, and the lower wing, respec- follows:
tively. K1 ,: This is plottedl as a function of t/G in figure 9I;

It has been shown that K,,: This is obtained front figure It0 where AK,. is

A(G, --K, f K!'h( (14) plotted against f/G and

where K, and K2 are functions of gap/chord, stagger, K1, AK= (2
decalage, overhang, and wing thickness. K, is nunier- 1
ically the lift coefficient on the upper wing when tihe K 11 is negative with negative stagger.
biplane lift is zero, while K. determines the slope of tihe K12 : The effect of decalage is to change K, in a linear
lift curve of the upper wing relative to that of the relation:
biplane. When tihe upper and lower wings are of ( (21)
equal area, the increments ACLu and ACtL are equal = 6
and of opposite sign. When the areas are unequal the L ,
increments are inversely proportional to the relative varies with gap/chord asKhown on fig-
areas and of opposite sign. In any case: tire 17. It has an average value of about

AG1 . - - "AC (18) -0.063, so that negative decalage, where the
" "ULL • .  incidence of the lower wing is less than the

where S,, and S,. aire the areas of the upper and lower incidence of the tipper wing, gives a positive

wings. It should be noted that AC,.L is usually nega- K,2 which increases K,.

tive in equation (17a). K,.: The actual value of Kl,, need not be obtained,
4 A convenient procedure for calculating ACLu is as since it is more convenient to correct for over- 0

follows: hang by the use of figure 21, and pass directly

1. Tabulate the average values of the ratios: front the value of K, with no overhang to the

maximum wing thickness t value of K1 with overhang. The value of K,

chord V with no overhang is the sum of K,0 + Ku, + K,.

gap (G This value may be spotted at zero overhang
4 chordc on the lower set of curves on figure 21. A

stagger curve similar to those given and passing
chomrd c through this point gives the value of K, at

U'se the average gap and average stagger with any other overhang as desired. It is unnec-
an average chord defined by essary to draw the curve since the interpola-

S +S± tion may be made visually with sufficient

ch + S+ .  _where Cu and CL are the accuracy. For example, assume that with-
chords of the upper and lower wings. out overhang K, =K,,,+K +K,,= -0.030,

With tapered wings the weighted average chord then for + 20 percent overhang K, = - 0.050

of each wing should be used. as indicated on the lightly dotted curve.
The effective stagger measured at zero lift from 5. Calculate K, from

the third chord points must be used. K,= (K~o)F+ K,,+K~n (22)

4 2. Calculate the ratio
maximum wing thickness t t G Where K., is the value of K2 for the desired stagger at

gap = 6 = ci+ gap/chord = 1.00, FK, is a correction factor for gap/chord

:3. Calculate the overhang if present by and aspect ratio, K,, is the change in.K2 due to decalage
Sl0t bf•--- b,_1 and K,, is the change in K, due to overhang. The

aii bt I values of these factors are determined as follows:
4 where bl, and bL are the actual spans of the tipper KL,,: The effect of stagger, is either read from figure

and lower wings without reduction for fuselage 13 or obtained from the equation
or nacelle blanketing.

4. Calculate K. front K,=K,0 +K,-+K,2+ K,, (19) K,' 0.050 + 0.17- (15a)
Where K,, is the value of K, for the equal wing c

orthogonal arrangement without decalage or overhang F,, the effect of gap/chord and aspect ratio

6

6 0 0 0 0 0 0 0 *
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()n K 2, is obtained froii figure 12. In using longitudinal stability. Thi: is one method of explaining
this figure, the average aspect ratio of the two the iiiproveiment in longitudinal stability tide to I
wings must be used, and not the effective negative decalage.
aspect ratio of the comnbination. The steps involved in the calculation of ('Lc and ('I.L

&21 : The effect of decalage is obtained froni equation Iiiay perhaps he clarified by at ih.mierical exainple.
(16) iii the form Assume a biplane with the following characteristics:

Upper wing: span b1, =40 feet, chord 6 feet,
K2,= t-0.0186"u (Iia) area Su 230 square feet.

where 6 is the angle of decalage in degrees Lower wing: span bI, 36; feet, chord - 5 feet,

with its positive or negative sign. Positive area SL = 171) square feet.

decalage increases K2, negative decalage Mean gap: G 170 inches.

decreases K ('hord (weighted average) c -- 67 inches.

K:2: The effect of overhang. This is obtained Stagger measured on leading edge at zero lift 34

indirectly by the same procedure used for inches.

K,3. The value of K. without overhang is Stagger measured on the 13 chord points at zero lift

KI - (K,,) F - K 1. This value is spotted at s - 30 inches.

zero overhang on figure 21 and a line traced No decalage = 0'.

through it following the trend of the upper Wing section (lark Y.

set of curves. This line gives the corrected Then
value of K2 at the desired overhang. t = 0.117 for Clark Y

The relative unit lift or efficiency of the upper and c
lower wings of a biplane is defined by the ratio rgal = = 1.045

( horil- c 67--1.4
CL" CL ±1GL, wing thickness t 0.117 01

e = • y= C-j-s (23) gap 0 1.045 - *.-

stagger s 30

which is now readily calculated. Obviously, e will chord c =08 = 0.44

vary over wide limits and in general it will become overhang - 100 It, = ± 10 percent
infinite at or near zero lift for the cellule. Any
method that works directly with the ratio e must Kt is now found as follows:

become unmanageable in the region of zero lift. The From figure 9, K1 0= -0.023.AK1
method here developed gives definite lift coefficients From figure 10, -=0.038, hence,
for any condition.

For the normal biplane, upper and lower wing of Kl =0.038 X 0.44= 1-0.017

equal areas, with moderate stagger but without deca- K, 2 = 0 since 6= 0

lage, the values of Kt and K2 in equation (14) may be Ko+ Kit + K1 2 = -0.023 + 0.017 = -0.006
of the order of - 0.020 and f 0.120, respectively. From figure 21, a value of K, 1 - 0.006 for zero over-

That is, hang gives K, = - 0.022 for 10 percent overhang.

A(CL= -0.020 + 0.120 CL Hence K, = - 0.022.
a ( -- (O, Lu= 1 0.020 -- 0.120 (C K, is now found as follows:

a (LFrom figure 13, or equation (15a)
so that equations (17) and (17a) would be K.=0.050+0.17 X 0.44 =0.125

CLu= 1. 12 ,L-0.020 Since the average aspect ratio of the two wings is

and (LL = 0.88 CL - 0.02 0

When G -=0 for this biplane CLu= -0.020, 1[(40) + - 0-]= , [6.95 + 7.621 = 7.3,2L20 1J 2'_and (LL- + 0.020 giving e =- 1.00.f (ILL= + 0.018 givin an 1. +0 the value of F from figure 12 is F=0.82, so thatif CL= +0.01785, iLf---O and ,CLL +0.0357 KF=0.l25X0.103. Forzerodecalage & =0. Hencegiving e=0 ifL -. 28 25=-.5 an.0.do eodeaaeK, =0 ec
(K2,,F)-K 21 =0.103. From figure 21 a value of

CLL=0 giving e=- co. At negative values of CL K 2 -0.103 for zero overhang gives K2=0.138 for 10

below -0.0228, e will again be positive. Since the percent overhang.
vertical location of the aerodynamic mean chord The lift increment for the upper wing is
depends on the value of e, it is obvious that the vertical ACLu = - 0.022 + 0.138CL
location of the mean chord is a function of the lift and for the lower wing it is a0,..= -A('Lv
coefficient. It therefore follows that biplane arrange-
ments having positive or very small negative values 0022 0138 230
of K, tend to give a high location for the mean chord 170
at low lift coefficients, which tends to improve the static = + 0.030- 0.187 CL

0 0 0 S 0 0 0 0 0
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[fence BUtEAU OF AERONAUTICS,
CL - 0.022 4 0.138 C' L NAVY DEPARTMENT,
S1. 138C- 0.022 W*ASHINGTON, D.C., February 15, 1933.

and (,.LL--(,G 0.030-0.187 CL
-0.813 ('L 0.030 REFERENCES

The relative lift is
(' Ci- 1.138 CL-0.022 •'

S(',Lt.8 1 3 CLTO0.030

tONCLUShoNS
The method here outlined for calculating the lift

coefficients of the individual wings of a biplane has
been based on a combination of theoretical and experi-
mental data. In some respects there is excellent
general agreement between theory and experiment,
as follows:

la. The effect of gap/chord stagger and aspect ratio
on K2 as shown by figure 11, table IX, anti
figure 13. (See equation 11.)

2a. The effect of decalage on K, as shown by figure
17. (See equation 12.)

The experimental data are consistent and fairly coin-
plete in other items such as:

lb. The effect of wing thickness and gap/chord ratio
on K, with zero stagger as shown by figure 9.

2b. The effect of decalage on K2 as shown by figures
1i6 and 18.

The remaining factors that need further investigation
are:
1c. The effect of stagger on K ,. Special tests to oh-

tain greater accuracy in figure 10 are highly
desirable.

2c. The effect of overhang on K, and K2. Special
tests to obtain greater accuracy in figure 21
are required.

3c. The extension of test data to maximum negative
lifts. Available test data indicate no appre-
ciable change in K 2 at zero lift. Special tests
should be made to investigate this effect.

Several conclusions may be drawn from a study of
the method developed in this report, in the light of the I
foregoing summary.

S S 0 0 • 0 0 5 0
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TABLE I TABLE IV

LIFT COEFFICIENTS FOR U.S.A. T." BIPLANE DIFFERENCE BETWEEN LIFT COEFFICIENT IlF
UPPER WING AND BIPLANE'

- 86aggw-+2V- +41 C RA.F.-15 8etion--o Dealeh,

r stagger

(Ia)) chrd
- ~ . ; Imo

Nominal EKff'thlyeI~~ ~ ~ .. . . . . . . .. 015 .. . . " Pfl

.11 +0.57 o13) W+U.I+iWU 5w 86

'al! - . .- W Whfl.- 0W15 R(.3 774.%
I'M o Ml + mlN5I.I4cm N1M 577

O 27 i -. 06+ 101 W, & hM. K157.
.WM -. 1 0 _ R AM K57.

Prom British A.R.C. Reports and Meioraud,. ildiosttwl,

TABLE V

DIFFERENCE BETWEEN LIFT COEFFICIENT (F
UPPER WING AND BIPLANEI GOTTINGEN 133
SECTION

SSt~age

elaord ID 'LI.

SN omi E ffe tiveW

.. 1• / O (0.406 -4 +•. 213+ MU-.] C,,
-2 +: 103+ .025 Cf

0 I -. 020+ 0N C',
+2 -. 165+ 1•C,
+4 -. I. AMC'.

1.I1 ..%1) 56 +. 25+ . :00
-2 •. 132+ .1150.

-. 02+ .150 cL.
+2 -. 125+ .180 -
+4 -. 2+ .25 CL.

.067 0 .o -4 +.2110+0
0-2 +.06+ . M5 cg.,+.06+ .0S CL.

0 -. 048+ .088c.
+2 -. 192+ • 120 C.

.M67 .50 54 -4 +.315+ .12D CL.
(,-I2 +.183+ ' 65CL*

o +. Mg+. 220 QL.
+2 -. 113+. .250 C.
+4 -- , 24 .23 . .

'From Technische flerichge 11-2.

TABLE VI

VARIATION OF KI=ACLU AT ZERO LIFT AS A FUNC-
TION OF CHORD, GAP, STAGGER AND WING THICK
NESS

with

0 00 0 0 *
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TABLE VII TABLE IX
GAP I VARIATION OF K, WITH STAGGER

EFFECT OF C-OR[ RAT 14 ON K: _ i

C ffURV 4,1)' -.

,ap 144 5 ob Munk's fat" !, F

chor Crb- reete.b 6r factor As cal - Faired ha , ý~t , 1
Faied I i 12 served 0 -

44 46uiat I 4442 I to46 1 7 4

•. 422 . 4.40 4&W0 44444 U.7 148 40 2 .75 1.27 N. .04 A K 4444 164�(14 ,411) 04 440 44 ,. +1 .: 5 27 0 0 (0411 ' .o0

X.) 4W2 490 O0 .44 4 0 115 - 46 b 14 4 46 . 01 4 42.

[ '4 413 Q . 7 26 7•22 4.o .007 .07145 n 0 .0 1764 6 .0 7 1.44 .47 475 44544 0 24 (w 40 444 41 2 4' 3 4 41 .7 4W4, Do

4 :E44i ,470. .9.44 .•'d) .0. . 041 4 .0 444 514 .. p 46 0 ,0 140410 44 1444' 11..
244 .2223 2244 .474. .475 4.04 1 44 44f 1•7 4.474 'l" 144! 4.416•. 1.0 I440s14 .I72.i0iI 47 I440l

9!0 425 441iw 40. .104 .75 .

N...... Thetyp kical ...... . b ed on 845 84 valu sofK4  for gap/.d10 1 .15 -. 50 44 :1 25 .44 0441 40 Do4
442 411 120 77 04 05

TABLE VIII 0 .14 ' 14 I: / Io .042, .44 ,.D0w4; 014 1 4 0 .06 0 T76 1-21

6 t L 60 0. 00 16 i 50 .44 1.00 4400 4594 15N 120

CAILC~tlATIONS FORl COBRRECTION" CU'RVES GIVING __.5 4 420 2 454 D.•.i,
EFFECT OF GAPICHORD ON K4  -5 -47 04 •: • -. 0o6, AC4T44

301. .1. .. 0 00 +o W 2 4 1 146 1h2 ' 14

, o1 1. 2 5 .8 60,64 l )o
b4'41' f- b-1 '44 04, 1.42 . 41M 0% 4Uo.

No h yim mv a ae nasu e auso ifrgpcod 1.0 +.50 fi t .4 i 1 1. 46 .8 1 5 .4w 1 490.

6;ý 47 .044122 C441 DO.:4 44 4

TABL VIII 0 0 1, 0. 0 . 00 .1 11-20
4. ( 25 4' ) 4 . IS4 +4 1 Do.

S•" "CLUA IN FOR CO R CIO CU VE GIIN l 1: 3,9 ?A /" :1sn• 9 ., .%i DO.

EF EC O G~iHO D N ,-ý :4 44447, 4.4.0 -.4104 -. (4427 C I 45 , H U
-.9 -:6 I4 + 4 41.24 1.40 +471+12 4 4.131 ,.o

.. 1 .1 .140, 02 (1 . 2 .4 4427! 0.27 Do.4.4. 1 .41 1 .46-. 1 1 - ' Dio..4 4 ( ;S 4. 'x444 24'+,76 .46 .157 .104 I i

44 '11 ' .54 ~ 5 4 i +.l.24 441,4 4460 +46f I 4.40 I

4 4! 7. 1.5, 0 1 +6l 35 6 0. 4 46! 1.14 4 140 iR.Mh1 i 7 12 bi 210 , 1' 1, 64 h 3 Io.71' . 0 .7)

ft 4 147 720 .1. K4 145 5 15 I-.. 1.-, 351 (t1.90 160 (no2 IN0 , Do

"" 1"• ,o : .4:,1 :0.4 ' 7 4n .4404 Do,11 ,1 .476 L• (R. 3.3 I. Wý1 1 24 4 : I0+ .l r 9 E , A

'. , . TABLE X

F.. 7444 W 2.0 SA) o, 444,it

E FFECT (OF OVERFIAN; OiN IIFTI D4I,•TRIiI:TI(4N

4 vr hangl•'ecn *hod~4P Ologgercfo~ 1 54IA'%

57,4 Iq :.'. -. 1010 .m

V+ 4. 10 027 -025 D.1.0 1.2 00 44 O-.0. R .& 0 C,,, I

10 30 0 0 -. .+ 1525.

-40-4-4.Overhang 4246-46

• •04414M1441 .4W -145C 3 014

1 0 m 4 0 0Y2 673A 8ým 3 0 -+2 25 1o 0 0 0 Do
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Positive directions of axe and angles (forces and moments) mre shown by wrows

Axis Moment about ams Angle Velocities

Force -

= 3 s oiie Dsin. =- Lnear -

Designation symbol Designation So" Poitv t=on (cIttgm ngla

Longitudinal.... X X ro-llng L Y--- Z roll ---... u p
Lateral -------- Y Y pith1ng... M Z- X pitch -- 9-- q
Normal ------- Z Z yawing-----. N X- Y yaw ----- r

Absolute coefficients of moment Angle of set of control surface (relative to neu-
C.-. tral position), 5. (Indicate surface by proper

jbcS subscript.)

4. PROPELLER SYMBOLS

D, Diameter. P, Power, absolute coefficient Cp---
p, Geometric pitch.p/D, Pitch ratio. p--.
VID, PItfch rtoit. C, Speed power coefficient,--- .
V', Inflow velocity.n
V., Slipstream velocity. t, Efficiency.

T, Thrust, absolute coefficient Cr T n, Revolutions per second, r. p. a.T,~ ~ ~ ~ ~~~P -P.t bcue oefcetOp--!O @n Effective helix angle-tan"' V•

Q, Torque, absolute coefficient C,- -- Q G;;;

5. NUMERICAL RELATIONS

1 hp. = 76.04 kg/m/s - 550 lb.ift.isec. I lb. =0.4535924277 kg.
1 kg/m/9-0.01315 hp. 1 kg = 2.2046224 lb.
1"mi./hr. - 0.44704 m/s 1 mi.f= 1609.35 m=-5280 ft.
1 m/s-2.23693 miL/hr. I m-3.2808333 ft.

S S S S S S 5 0


